ABSTRAcr: The nature and extent of genetic variation in Giardia was used to infer its mode of reproduction, population structure, taxonomy, and zoonotic potential. Ninety-seven isolates of Giardia duodenalis, from a defined area in Western Australia and throughout Australia and overseas, were obtained from humans, cats, cattle, sheep, dogs, goat, beaver, and rats. Enzyme electrophoresis revealed extensive genetic variation with 47 different zymodemes. The widespread occurrence of certain zymodemes and the similarity of relationships among isolates inferred from independent genetic markers suggests a clonal population structure for G. duodenalis, although occasional bouts of genetic exchange may occur. The 47 zymodemes clustered similarly in phenetic (UPGMA) and phylogenetic (Fitch-Margoliash) analyses. The level of genetic diversity in isolates from a defined geographical area in Western Australia was similar to the level of diversity in isolates from throughout Australia. These data suggest that clonal lineages within G. duodenalis are evolutionarily independent. Although there was a significant overall correlation between genetic distance separating zymodemes and occurrence in different host species, we found genetically identical isolates from humans and other animals and extensive genetic diversity between isolates from humans. We interpret this as evidence for zoonotic transmission of the parasite. In order to determine the significance of genetic variation in Giardia to aspects of epidemiological importance such as transmission, treatment, and control, a thorough understanding of the taxonomy, population structure, and reproductive biology of Giardia is required. For example, the present taxonomy of Giardia fails to reflect the phenotypic and genetic heterogeneity that exists within the species G. duodenalis and provides little or no predictive value for factors such as host specificity, infectivity, or virulence. Knowing the population structure of Giardia is crucial because it determines the: (1) likelihood of associations between important biological characters such as host occurrence, pathogenicity, and drug sensitivity; and (2) rate of adaptation to adverse environmental conditions, such as exposure to drugs. The mode of reproduction of an organism has important implications for both population genetic structure and taxonomy. In particular, organisms that are predominantly or solely clonal generally possess a distinctive population structure characterized by excess heterozygosity, associations between independent genes (linkage disequilibrium), and a greater proportion of genetic variation distributed between, than within, populations (Tait, 1985; Cibulskis, 1988; Tibayrenc and Ayala, 1991). Taxonomically, they are difficult to deal with because the most widely used species definition, the biological species concept, is not applicable to them (Thompson et al., 1990; Tibayrenc et al., 1990; Tibayrenc, 1994).
Analysis of electrophoretic data
An allelic interpretation of banding patterns could not be made with confidence (Meloni et al., 1988), so enzyme patterns were treated as separate characters. For taxonomic studies, the percentage of enzyme showing fixed differences was used to calculate genetic distance between zymodemes. A fixed difference between 2 zymodemes occurs when they do not share a pattern for the particular enzyme in question. This ranges from 0 (0%), for identical enzyme profiles, to 1 (100%) for zymodemes with no shared enzyme patterns. This measure of genetic distance is identical to the fixed allelic differences of Andrews et al. Mantel's test (Mantel, 1967) was used to correlate statistically pairwise estimates of genetic distances (percentage fixed enzyme differences) with pairwise descriptions of host occurrence between zymodemes of Giardia. Mantel's test determines the correlation between 2 distance matrices by comparing the sum of cross-products of analogous cells against an expected value calculated on the null hypothesis of random permutations between rows/columns of the second matrix. This approach avoids the problem of the lack of independence among cells of each test matrix, which is not taken into consideration using standard correlations (Douglas and Endler, 1982). Pairwise host occurrence was scored as 1 for zymodemes with isolates from different hosts and 0 for zymodemes containing isolates from the same host (see Appendix for data matrix).
The observed genotypic diversity (Go) within populations was estimated from enzyme patterns as described by Stoddart and Taylor 
RESULTS

Characterization of isolates of G. duodenalis using enzyme electrophoresis
Using 13 enzyme systems, 47 different zymodemes were found amongst the 97 isolates of Giardia examined (Tables I, IV). All 13 enzyme systems were variable (Table IV) . The geographic distribution of the 47 zymodemes is shown in Figure 1 . Table III ). Homozygote variants corresponding to the alternative alleles of presumed heterozygotes were found for 7 enzymes (EST, FDP, GOT, HK, ME, NP, and PGM, see Table II for abbreviations), but multiple-banded enzymes did not always fit expected heterozygote patterns.
Twenty-nine zymodemes contained single-banded patterns for all enzymes (M1-M6, M11-M13, M16, M18-M22, M27, M32-M41, M45-M47). Eighteen zymodemes contained isolates that produced multiple-banded patterns for 1 or more of the enzymes (M7-M10, M14, M 15, M17, M23-M26, M28, M29-M31, M42-M44;
Analysis of cloned isolates
The majority of clones produced multiple-banded patterns identical to their corresponding parent stock for all enzymes. However, on several occasions, patterns from 1 or more clones differed from the pattern displayed by the parent stock. Clone BAH30C2 did not express a fast-moving esterase band, which was present in the parent BAH30 and clone BAH30C1. Similarly, the clone BAH42C2 did not express a fast-moving esterase band, whereas the parent BAH42 and clone BAH42C1 did so. The fast-moving esterase band in clones BAH44C1 and BAH44C2 moved more slowly than the corresponding band in the parent isolate. The final difference detected was in clones BAH49C1 and BAH49C2, which expressed only 2 of the 3 phosphoglucomutase enzyme bands that were present in the parent stock.
Analysis of stocks containing protease inhibitors
The addition of protease inhibitors to lysates from cloned isolates BAH12C1 and BAH53C1 did not result in the loss of multiple-banded enzyme patterns at any locus. However, on a number of occasions the mobility of enzyme patterns was altered in stocks containing specific protease inhibitors. This also occurred in the corresponding stock from the single-banded control and, therefore, probably reflects interference of the protease inhibitor with posttranslation of a number of G. duodenalis isoenzymes.
Genetic relationships between zymodemes
Differences in enzyme profiles between zymodemes, measured by percentage fixed enzyme differences, ranged from 7.7 to 100 (Appendix). The phenogram constructed from these data (cophenetic correlation r,, = 0.96) is shown in Figure 2 . There were 20 principal clusters, separated by at least 36% fixed enzyme differences. Group 1, consisting of 4 zymodemes, contained 3 isolates from humans in Western Australia and 2 from humans in Poland. Group 2, consisted of 5 zymodemes, containing 8 isolates from humans in Western Australia. Groups 3, 5-9, and 11-14 each contained single isolates from humans (Fig. 3) . The only exceptions to the groupings implied by the phenogram in this tree are the closer relationships between zymodemes M9 and M26 and between M30 and M23. Maximum parsimony analysis using the enzyme banding patterns as character-state, rather than distance data, also produced congruent groupings (data not shown).
Despite the co-occurrence of isolates from different species of host in the same zymodeme and the same clusters in both the phenogram and phylogram, there was some overall structuring of genetic diversity along host lines, as shown by a significant correlation between genetic distance and host occurrence (Mantel's g = 4.272; P < 0.001; Appendix). (Table III) . It is unlikely that the multiple-banded enzyme patterns are the result of mixed populations of genotypically distinct organisms or the result of posttranslational changes due to protease activity on primary gene products. Identical patterns occurred in all the subcultures of each isolate that were examined. Other isolates, prepared in exactly the same way, showed single-banded patterns for the same enzymes. In addition, multiple-banded patterns were retained in cloned isolates and in lysates of G. duodenalis trophozoites containing protease inhibitors. Although a number of clones produced slight differences in enzyme patterns from parent isolates, we believe these differences to be the result of either gene switching or mutations. The results of enzyme electrophoretic characterization of isolates in the present study revealed the widespread occurrence of 3 genotypes sampled over a 5-yr period; M1, M3, and M4 (Fig. 1) . Zymodeme Ml contained 18 human and 1 sheep isolate of G. duodenalis from a variety of locations in Western Australia; zymodeme M3 was sampled 7 times from humans throughout Western Australia, and zymodeme M4, which contains the Portland isolate (P1) was sampled from humans in Western Australia, Queensland, and New Guinea, and from a human, beaver, and dog in Canada (Fig. 2) .
Genetic diversity within populations
The ples from different populations and rare cyclic bouts of sexual reproduction, because 1 generation of sexual reproduction will fully restore equilibrium at the single-locus level but not at the multilocus level (Cibulskis, 1988; Dye, 1991) . Therefore, to provide additional evidence on the population structure of Giardia (and other organisms), samples should be examined within a locally defined population. This was attempted in the present study by examining isolates from Fitzroy Crossing, but an accurate estimate of linkage disequilibrium was not possible because of the unknown ploidy of G. duodenalis and the small number of isolates in the 7 major groups detected, which may represent different species (Fig. 4) 
Taxonomy
The taxonomic interpretation of genetic variation in G. duodenalis is hindered by uncertainty over an appropriate species concept for asexual organisms (see Thompson et al., 1990 ). Hence, 2 alternative criteria, host occurrence and phenetics, have been used to distinguish species of Giardia.
Occurrence in different species of host is expected to promote genetic divergence by subjecting populations to different selection pressures (Hegner, 1926; Kulda and Nohynkova, 1978; Woo, 1984). We found a significant positive correlation between genetic distance separating zymodemes and occurrence in different host species, which suggests that host associations do indeed promote genetic divergence. Despite this, there is little evidence for the rigid host specificity that would be required to equate host occurrence with specific status. This is true for G. duodenalis examined from different species of animals in this study (Fig. 2) and isolates examined by other workers (Nash et al., 1985; Proctor et al., 1989), which show levels of intrahost variation to be as great as those for interhost variation.
Species of Giardia have also been inferred from shared characteristics, usually morphological. Fixed differences in the shape of the median body, ventrolateral flange (Erlandsen and Bemrick, 1987), and caudal flagella (Erlandsen et al., 1990) have been used to divide the genus into 5 species. However, most controversy regarding the taxonomy of Giardia has centered on isolates within the G. duodenalis morphological group. To overcome the limitations of morphology, a phenetic approach using the degree of genetic similarity (estimated from biochemical or molecular techniques, particularly enzyme electrophoresis) has been applied to delimit species (Thorpe, 1982 (Thorpe, , 1983 . Andrews et al. (1989) applied this genetic yardstick to identify 4 species among isolates of G. duodenalis from humans. Although we used fewer enzyme systems and analyzed our data differently than that of Andrews et al. (1989) , if a similar genetic yardstick was applied to the isolates of G. duodenalis examined in this study, up to 27 species could be identified. This would obviously have severe ramifications for the systematics of the genus. Aside from such operational difficulties, the major problem with the phenetic approach to delimiting species is that the groups so delimited may not represent evolutionary units. That is, it makes no predictions about the extent of genetic or phenotypic divergence between species and may not necessarily be a good indicator of genetic cohesion (Lymbery, 1992).
The clonal population structure in G. duodenalis means that numerous clones have been evolving independently and the large genetic distance values detected by enzyme electrophoresis are a consequence of a long, separate evolution. The similarity in topology of the trees produced by UPGMA clustering and Fitch-Margoliash analysis attests to the stability of the clonal lineages identified in this study. As there is no, or limited, recombination or reassortment of genes in a population, these different clonal lineages may accumulate differences in a wide range of biological characters. However, evidence that different isolates are genetically heterogeneous does not necessarily warrant species designation. Studies with Leishmania, for example, which appear to have a basically clonal population structure have led to a multiplicity of strains, subspecies, and species names (Lainson and Shaw, 1987). This form of classification would, with the continual increase in the number of genetically characterized samples, eventually approach chaos and be devoid of any explanatory or predictive power. It may be more practical and informative to identify separate lineages or families of related lineages that behave similarly, to those that behave differently in factors of epidemiological significance. These lineages, if they exist, would represent "natural" groups with an existence independent of our attempts to classify them and, therefore, would be worthy of some formal taxonomic name.
Genetic variation and epidemiology
The nature of genetic variation detected in isolates from different geographic areas and host species also has important implications for understanding the transmission and variable symptomatology of giardiasis.
Zoonotic potential: the genetic similarity of isolates of Giardia from humans and other animals provides circumstantial evidence for zoonotic transmission, and a recent cross transmission experiment has clearly shown that humans are susceptible to Giardia of nonhuman origin in certain geographical areas (Majewska, 1994) . In this study, human isolates of G. duodenalis grouped in identical or similar zymodemes containing isolates from sheep, cattle, cats, dog, and beaver (Fig. 1) . The sheep isolate (BAS2) and a human isolate (BAH38) from a sheep shearer are of particular interest because they grouped in the same zymodeme and both originated from the south of Western Australia at similar times. Other studies using enzyme electrophoresis and RFLPs have also found little or no difference between the Portland (Pl) isolate and human, rodent, sheep, cattle, dog, and beaver isolates of G. A canine (BAD l) and rodent isolates (BARI and BAR3) from Western Australia and a feline (BAC7) and goat (BAG 1) isolate from Victoria were genetically distinct from all others. However, they fell within the range of variation (measured by percentage fixed genetic differences) found between different human isolates, e.g., human isolates BAH3 (zymodeme M1) and BAH7 (zymodeme M7) (Fig. 2) and, therefore, their infectivity to humans cannot be ruled out. Alternatively, genetically distinct isolates could represent strains that are rigidly host specific, although we do not have any evidence to support this.
Variation in virulence and pathogenesis: The specific pathogenic mechanisms by which Giardia causes disease have not been identified. However, it is likely that a number of processes are involved and that The extensive genetic variation detected between isolates of G. duodenalis in this study lends weight to the hypothesis that variable symptomatology of giardiasis is at least partly a reflection of differences between infective agents. The extent of genetic variation in 1 locality in Western Australia was as great as that in the whole of Australia and encompassed a number of independently evolving clonal lineages. We do not yet know the degree to which these lineages differ in epidemiologically significant characteristics, but recent research from our laboratory has demonstrated behavioral differences in vitro between clones of Giardia from this locality, which may be of clinical significance in vivo. In this respect, the challenge for the future with Giardia and other parasites must be to find molecular markers, for improved classification, and for the identification of clinically significant characters such as virulence and drug sensitivity (Thompson, 1994). Ideally, it should be possible that such characterization be performed directly on parasite material without culture amplification. 
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